We discuss the application of self -phase modulation and grating pulse compression to the generation of temporally trapezoidal optical pulses for controlling the electron beam emittance and energy spread in an FEL photoelectric injector. Pulse compression in a single -stage pulse compressor, with background reduction based on the nonlinear birefringence of the optical fiber, yields 3 -ps, compressed pulses without background pedestals or sidelobes. Trapezoidal, flat-topped pulses with 20 -ps FWHM and 4 -ps risetime have been obtained through self -phase modulation and group -velocity dispersion of the 3 -ps pulses in a second fiber. Pulse shaping through Fourier transform amplitude and phase masking in the frequency domain and the amplification of the trapezoidal pulses are also discussed.
INTRODUCTION
The recent advent of the photoelectric injector -an electron injector design based on laser irradiated photocathode emitters -has generated a considerable amount of interest because of the high electron beam brightness achievable from this injector.1 -5 High current density, low beam emittance and small energy spread have recently been demonstrated for the photoelectric injector incorporating a Cs3Sb photoemitter in an RF cavity, as illustrated in Fig. 1 . [3] [4] [5] This design also lends itself to control of the electron beam emittance and energy spread by programming the temporal and spatial formats of the photocathode illumination by the modelocked laser pulses. Theoretical simulations6 predict that for a space-charge dominated electron beam, minimum beam emittance and energy spread are obtained if the electron bunch has uniform current density, both radially and axially. Thus, the ideal spatial and temporal pulse formats for illuminating the photocathode are flat -tops with steep edges. In this paper, we describe a method to generate short, 20 -ps optical pulses with a trapezoidal, flat-topped pulse shape from a Nd:YAG modelocked laser. 
The recent advent of the photoelectric injector -an electron injector design based on laser irradiated photocathode emitters -has generated a considerable amount of interest because of the high electron beam brightness achievable from this injector.1-5 High current density, low beam emittance and small energy spread have recently been demonstrated for the photoelectric injector incorporating a Cs3 Sb photoemitter in an RF cavity, as illustrated in Fig. 1 .3-5 This design also lends itself to control of the electron beam emittance and energy spread by programming the temporal and spatial formats of the photocathode illumination by the modelocked laser pulses. Theoretical simulations6 predict that for a space-charge dominated electron beam, minimum beam emittance and energy spread are obtained if the electron bunch has uniform current density, both radially and axially.
Thus, the ideal spatial and temporal pulse formats for illuminating the photocathode are flat-tops with steep edges. In this paper, we describe a method to generate short, 20-ps optical pulses with a trapezoidal, flat-topped pulse shape from a Nd:YAG modelocked laser. 
MODE-LOCKED LASER

PULSE COMPRESSION WITH BACKGROUND REDUCTION
Using a fiber -grating pulse compression technique,7,8 we compressed the output of a cw modelocked Nd:YAG laser operating at 100 MHz repetition rate from 100 ps to 3 ps. The experimental setup for pulse compression and shaping is shown in Fig. 2 . In order to assure stable and reproducible pulse compression, a permanent magnet Faraday rotator was inserted between the laser and the pulse compressor to isolate the reflection off the front surface of the fiber or any stimulated backward Rayleigh scattering from interfering with the laser modelocking operation. A half -wave plate /polarizer combination served as a variable attenuator to allow continuous adjustment of laser power into the fiber. The role of the second half -wave plate and subsequent retarders are described later. Through self -phase modulation (SPM) in the 25 -m nonpolarization preserving fiber (NRC F -SF with a 5-µm core diameter), the 100 -ps optical pulses developed a frequency spread of -8 cm-1. With this fiber length, the positive group velocity dispersion (GVD) of the fiber did not change the pulse width appreciably. The average laser power incident on the fiber was approximately 5 W, but only 60% of that exited the fiber, presumably due to coupling loss at the input of the fiber. The chirped pulses were compressed to 3 -ps FWHM in a double -pass grating arrangement with a 1700 grooves /mm diffraction grating. The compressed pulse width was measured with a non -collinear, background -free SHG autocorrelator.
For a gaussian pulse shape, the theoretical compressed pulsewidth is given by tiFWHM = 2.77 ¿'co (1) where ¿'co is the frequency spread produced by SPM in the fiber. In the absence of positive GVD, ¿'co can be approximated by SPIE Vol. 895 Laser Optics for Intracavity and Extracavity Applications (1988) / 111
Using a fiber-grating pulse compression technique,7,8 we compressed the output of a cw modelocked Nd:YAG laser operating at 100 MHz repetition rate from 100 ps to 3 ps. The experimental setup for pulse compression and shaping is shown in Fig. 2 . In order to assure stable and reproducible pulse compression, a permanent magnet Faraday rotator was inserted between the laser and the pulse compressor to isolate the reflection off the front surface of the fiber or any stimulated backward Rayleigh scattering from interfering with the laser modelocking operation. A half-wave plate/polarizer combination served as a variable attenuator to allow continuous adjustment of laser power into the fiber. The role of the second half-wave plate and subsequent retarders are described later. Through self-phase modulation (SPM) in the 25-m nonpolarization preserving fiber (NRC F-SF with a 5-|im core diameter), the 100-ps optical pulses developed a frequency spread of ~8 cm-1. With this fiber length, the positive group velocity dispersion (GVD) of the fiber did not change the pulse width appreciably. The average laser power incident on the fiber was approximately 5 W, but only 60% of that exited the fiber, presumably due to coupling loss at the input of the fiber. The chirped pulses were compressed to 3-ps FWHM in a double-pass grating arrangement with a 1700 grooves/mm diffraction grating. The compressed pulse width was measured with a non-collinear, background-free SHG autocorrelator.
For a gaussian pulse shape, the theoretical compressed pulsewidth is given by
where Aco is the frequency spread produced by SPM in the fiber, be approximated by (2) and Aeff = 1.26 it D2/4 ; D and L are the fiber core diameter and length, respectively. Taking 3 W as an estimate of the laser power inside the fiber, we calculate a frequency chirp of -7.5 cm-1 and a compressed pulse width of 2.0 ps, in good agreement with the observed width of 3 ps (Fig. 3a) .
For efficient and stable pulse compression, the laser peak power must be below the critical power of stimulated Raman scattering, Pc. 
The calculated Pc for a 25 -m nonpolarization preserving fiber is 344 W, or an average power of 3.9 W, putting us well below threshold.
The use of short fibers allows generation of compressed pulses with appreciable output power without the complication of stimulated Raman scattering. However, in the absence of positive GVD, the chirps produced in short fibers are nonlinear, resulting in pedestals and sidelobes in the background of the compressed pulses (Fig. 3a) . These unwanted features can be reduced by a spectral windowing method that removes the offending frequencies. These are at the extremes of the frequency distribution and occur in time at the leading and trailing edges of the pulses.1 o Alternatively, the nonlinear birefringence of the fibers can be used to enhance the contrast ratio of the central part of the pulse with respect to the background. 11 We will show that by using the fiber nonlinear birefringence to perform spectral filtering, the background can be reduced without introducing the sidelobes that result from the sharp edges of the spectral windows.
As shown in Fig. 2 , our implementation of the nonlinear birefringence background reduction method is simpler than that described in Ref. [11] . The half -wave plate immediately in front of the fiber allows rotation of the plane -polarized laser light to maximize the nonlinear birefringence in the optical fiber, giving maximum intensity-dependent rotation. At the exit of the fiber, the input plane polarized light is elliptically polarized due to the fiber linear birefringence. The nonlinear birefringence rotates the major axis of the ellipse through an angle dependent upon the light intensity, and hence gives a time -dependent rotation. A quarter -wave plate at the output end converts the elliptically polarized light at the peak intensity back to plane polarized light. A second half -wave plate is used to rotate the polarization to the p-polarization of the diffraction grating. The diffraction grating has a contrast ratio of better than 2 112 / SPIE Vol 895 Laser Optics for lntracavity and Extracavity Applications (1988)
where K = 2(2ln2)i/2 e-1/2 « 1.428 for gaussian pulses L, = the effective interaction length (-L for short fiber) n 2 = 6.2 x 10-20 m 2/w (1.1 x 10-13 esu) P = P av /(1.12fr tFWHM )
and Aeff = 1.26 TI D2/4 ; D and L are the fiber core diameter and length, respectively. Taking 3 W as an estimate of the laser power inside the fiber, we calculate a frequency chirp of ~7.5 cm-1 and a compressed pulse width of 2.0 ps, in good agreement with the observed width of 3 ps (Fig. 3a) .
For efficient and stable pulse compression, the laser peak power must be below the critical power of stimulated Raman scattering, Pc .
where k = 32 for nonpolarization preserving fiber9 G = the peak Raman gain (9.2 x 10-14 m/W) and Lj = the effective interaction length (~ L for short fiber)
The calculated Pc for a 25-m nonpolarization preserving fiber is 344 W, or an average power of 3.9 W, putting us well below threshold.
The use of short fibers allows generation of compressed pulses with appreciable output power without the complication of stimulated Raman scattering. However, in the absence of positive GVD, the chirps produced in short fibers are nonlinear, resulting in pedestals and sidelobes in the background of the compressed pulses (Fig. 3a) . These unwanted features can be reduced by a spectral windowing method that removes the offending frequencies. These are at the extremes of the frequency distribution and occur in time at the leading and trailing edges of the pulses. 10 Alternatively, the nonlinear birefringence of the fibers can be used to enhance the contrast ratio of the central part of the pulse with respect to the background. 11 We will show that by using the fiber nonlinear birefringence to perform spectral filtering, the background can be reduced without introducing the sidelobes that result from the sharp edges of the spectral windows.
As shown in Fig. 2 , our implementation of the nonlinear birefringence background reduction method is simpler than that described in Ref. [11] . The half-wave plate immediately in front of the fiber allows rotation of the plane-polarized laser light to maximize the nonlinear birefringence in the optical fiber, giving maximum intensity-dependent rotation. At the exit of the fiber, the input plane polarized light is elliptically polarized due to the fiber linear birefringence. The nonlinear birefringence rotates the major axis of the ellipse through an angle dependent upon the light intensity, and hence gives a time-dependent rotation. A quarter-wave plate at the output end converts the elliptically polarized light at the peak intensity back to plane polarized light. A second half-wave plate is used to rotate the polarization to the p-polarization of the diffraction grating. The diffraction grating has a contrast ratio of better than 2 between the p-and s-polarizations and 4 diffraction passes increase the contrast ratio to >16. With a proper orientation of the entrance and exit half -wave plates, the low-intensity background of the chirped pulses is substantially reduced, and hence the unwanted frequency components are suppressed. The resulting compressed pulses are void of the pedestal or sidelobes, with the slight penalties that the compressed pulse width increases to 3.2 ps, as shown in Fig. 3b, and The chirps produced in the absence of GVD are linear in the middle of the optical pulses. The lowintensity background of the chirped pulses contains extraneous frequencies which cannot be recompressed by the grating pair. By removing the low-intensity background, we have also rejected these extraneous frequency components. This analysis is supported by the two spectra of the compressed pulses with and without background reduction shown in Fig. 4 . The compressed pulses without background reduction have a familiar spectral distribution of -8 cm-1, with two "horns" at the edges of the distribution, whereas the pulses with background reduction have a somewhat narrower (FWHM -6 cm -l) and smoother spectral distribution. This method of spectral filtering does not introduce sharp edges which can cause sidelobes in the compressed pulses. between the p-and s-polarizations and 4 diffraction passes increase the contrast ratio to >16. With a proper orientation of the entrance and exit half-wave plates, the low-intensity background of the chirped pulses is substantially reduced, and hence the unwanted frequency components are suppressed. The resulting compressed pulses are void of the pedestal or sidelobes, with the slight penalties that the compressed pulse width increases to 3.2 ps, as shown in Fig. 3b , and the peak power is reduced by typically between 1.4 and 2. The chirps produced in the absence of GVD are linear in the middle of the optical pulses. The lowintensity background of the chirped pulses contains extraneous frequencies which cannot be recompressed by the grating pair. By removing the low-intensity background, we have also rejected these extraneous frequency components. This analysis is supported by the two spectra of the compressed pulses with and without background reduction shown in Fig. 4 . The compressed pulses without background reduction have a familiar spectral distribution of -8 cnrH, with two "horns" at the edges of the distribution, whereas the pulses with background reduction have a somewhat narrower (FWHM ~6 cm-1) and smoother spectral distribution. This method of spectral filtering does not introduce sharp edges which can cause sidelobes in the compressed pulses. The background -free 3 -ps pulses, -1 W average power, were used to generate trapezoidal pulses by propagation in a second, 55 -m fiber where additional SPM increased the bandwidth of the pulses to -50 cm -1. With this combination of fiber length and bandwidth, GVD becomes significant, and the pulses stretch into a trapezoidal shape, as previously reported by Nakatsuka et a1. 12 The amount of pulse stretching can be estimated by At -L Ay D(X) cv (4) where D(A.) = 0.011 at 1.064 µm. For ev = 50 cm -1 and L = 55 m, we estimate a flat-topped region of about 10 ps in width, slightly less than the observed pulsewidth. Figure 5a illustrates a background -free SHG cross -correlation trace of the trapezoidal pulse with the 3 -ps pulse. The cross -correlated púlse shape exhibits no background and a very good stability. The leading and trailing edges are rounded off by the 3 -ps pulsewidth of the probe pulse. Further compression of the trapezoidal pulses in a second grating pair yielded 600 -fs pulses but with substantial background. The cross -correlation trace of the trapezoidal pulses probed with the 600 -fs pulses is shown in Fig. 5b . The background in this cross -correlation trace is higher due to a non -zero background in the probe pulses and the large ratio between the widths of the trapezoidal and the probe pulses. 
GENERATION OF TRAPEZOIDAL PULSES
The background-free 3-ps pulses, -1 W average power, were used to generate trapezoidal pulses by propagation in a second, 55-m fiber where additional SPM increased the bandwidth of the pulses to ~50 cm-1. With this combination of fiber length and bandwidth, GVD becomes significant, and the pulses stretch into a trapezoidal shape, as previously reported by Nakatsuka et a/J2 The amount of pulse stretching can be estimated by (4) where D(X) = 0.011 at 1.064 jim. For Av = 50 crrH and L = 55 m, we estimate a flat-topped region of about 10 ps in width, slightly less than the observed pulsewidth. Figure 5a illustrates a background-free SHG cross-correlation trace of the trapezoidal pulse with the 3-ps pulse. The cross-correlated pulse shape exhibits no background and a very good stability. The leading and trailing edges are rounded off by the 3-ps pulsewidth of the probe pulse. Further compression of the trapezoidal pulses in a second grating pair yielded 600-fs pulses but with substantial background. The cross-correlation trace of the trapezoidal pulses probed with the 600-fs pulses is shown in Fig. 5b . The background in this cross-correlation trace is higher due to a non-zero background in the probe pulses and the large ratio between the widths of the trapezoidal and the probe pulses. As With the 600 -fs Probe Pulse measured in this cross -correlation trace, the trapezoidal pulses have a 4 -ps risetime (10 % -90 %) and a 14 -ps flat-topped region, in reasonable agreement with prediction given the inaccuracy in determining the peak power and effective core area. As previously observed in Ref. [12] , the autocorrelation of the trapezoidal pulses (Fig. 6) is a triangular waveform whose base width is twice the trapezoidal pulse
basewidth.
An alternative method for generating square temporal pulses is Fourier transform amplitude and phase masking in the frequency domain.13,14 At the center point of the grating pairs used for pulse compression, the optical radiation is dispersed. That is, each point on a line perpendicular to the direction of propagation and parallel to the plane of incidence for the gratings corresponds to a different frequency. By using masks that select the frequency spectrum that is the Fourier transform of the desired output temporal pulse shape, one can synthesize that pulse (this involves the transform of the ) and a 14-ps flat-topped region, in reasonable agreement with prediction given the inaccuracy in determining the peak power and effective core area. As previously observed in Ref. [12] , the autocorrelation of the trapezoidal pulses (Fig. 6 ) is a triangular waveform whose base width is twice the trapezoidal pulse basewidth.
An alternative method for generating square temporal pulses is Fourier transform amplitude and phase masking in the frequency domain.13,14 At the center point of the grating pairs used for pulse compression, the optical radiation is dispersed. That is, each point on a line perpendicular to the direction of propagation and parallel to the plane of incidence for the gratings corresponds to a different frequency. By using masks that select the frequency spectrum that is the Fourier transform of the desired output temporal pulse shape, one can synthesize that pulse (this involves the transform of the This method results in a transform -limited spectral bandwidth for a given output pulse shape, which is advantageous if further amplification is required. In practice, the synthesis of an arbitrary pulse shape is limited by the spectral resolution of the grating pair. This in turn is constrained by the line spacing on the grating and the chirp rate obtained from the optical fiber, since the separation of the gratings depends on the chirp rate.15,16 Rather than treat this in detail, we simply note here that for a given pulse shape, the product of the bandwidth and the pulse duration is a constant that depends on the pulse shape. Thus, as the pulse duration is increased, the bandwidth decreases, and increased resolution is required in the structure of the mask to adequately synthesize the desired pulse shape. Since the primary drawback of the Fourier transform approach is the fabrication of the complicated amplitude and phase masks, this increase in the required resolution ultimately limits the application of this technology to the synthesis of arbitrary pulse shapes. For 20 -ps pulse durations, which are 3 times longer than those produced in Ref. [14] , this is not a severe limitation. However, the generation of 100 -ps square pulses would stress the state of the art.
The amplification of the generated trapezoidal pulses requires large bandwidth gain media such as Nd:YLF or Nd:glass, since gain narrowing of the bandwidth at high amplification can distort the pulse shape. In the case of Nd:YAG, silicate glass amplifiers are better matched to the 1.0641Am central wavelength. Preliminary calculations show that negligible distortion in the pulse shape will be introduced if phosphate glass is used as the amplifier medium for Nd:YLF and silicate glass for Nd:YAG.
CONCLUSION
A temporally trapezoidal pulse shape with -20 ps FWHM has been obtained via self -phase modulation and positive group velocity dispersion in a two -stage fiber -grating pulse compression and shaping technique. The average power of trapezoidal pulses is about 0.2 W, yielding a peak power of about 100 W. The two -stage arrangement yields the desired pulse shape without significant stimulated Raman scattering and with relatively low loss of optical power. Amplification of these trapezoidal pulses will require the use of large bandwidth gain media such as phosphate and silicate glasses. The new temporal pulse format applied to the photocathode could produce electron bunches which are better synchronized with the accelerating RF field and exhibit a more uniform space charge. We thus expect to significantly improve the beam emittance and energy spread of the electron beams generated in a photoelectric injector.
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Fig. 6 Autocorrelation Trace of the Trapezoidal Pulse
field, thus both a phase and amplitude mask are required). This method results in a transform-limited spectral bandwidth for a given output pulse shape, which is advantageous if further amplification is required. In practice, the synthesis of an arbitrary pulse shape is limited by the spectral resolution of the grating pair. This in turn is constrained by the line spacing on the grating and the chirp rate obtained from the optical fiber, since the separation of the gratings depends on the chirp rate. 15.16 Rather than treat this in detail, we simply note here that for a given pulse shape, the product of the bandwidth and the pulse duration is a constant that depends on the pulse shape. Thus, as the pulse duration is increased, the bandwidth decreases, and increased resolution is required in the structure of the mask to adequately synthesize the desired pulse shape. Since the primary drawback of the Fourier transform approach is the fabrication of the complicated amplitude and phase masks, this increase in the required resolution ultimately limits the application of this technology to the synthesis of arbitrary pulse shapes, For 20-ps pulse durations, which are 3 times longer than those produced in Ret [14] , this is not a severe limitation. However, the generation of 100-ps square pulses would stress the state of the art.
The amplification of the generated trapezoidal pulses requires large bandwidth gain media such as Nd:YLF or Nd:glass, since gain narrowing of the bandwidth at high amplification can distort the pulse shape. In the case of Nd:YAG, silicate glass amplifiers are better matched to the 1.064jum central wavelength. Preliminary calculations show that negligible distortion in the pulse shape will be introduced if phosphate glass is used as the amplifier medium for Nd:YLF and silicate glass for Nd:YAG.
CONCLUSION
A temporally trapezoidal pulse shape with -20 ps FWHM has been obtained via self-phase modulation and positive group velocity dispersion in a two-stage fiber-grating pulse compression and shaping technique. The average power of trapezoidal pulses is about 0.2 W, yielding a peak power of about 100 W. The two-stage arrangement yields the desired pulse shape without significant stimulated Raman scattering and with relatively low loss of optical power. Amplification of these trapezoidal pulses will require the use of large bandwidth gain media such as phosphate and silicate glasses. The new temporal pulse format applied to the photocathode could produce electron bunches which are better synchronized with the accelerating RF field and exhibit a more uniform space charge. We thus expect to significantly improve the beam emittance and energy spread of the electron beams generated in a photoelectric injector.
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